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Abstract
The goal of this thesis is to estimate the total emissions avoided from replacing
residential lighting and air conditioning with more energy efficient versions, while showing that
the marginal emissions factor (MEF) approach to estimating these avoided emissions tends to be
a more accurate method than the average emissions factor (AEF) approach. This thesis is the first
to use MEFs to analyze emissions avoided from household energy efficiency improvements.
This approach considers emissions avoided from the last power plant that would have been
dispatched to meet demand, in contrast to the more commonly used AEF approach that considers
emissions avoided from all the plants in the area.
This paper provides quantifiable results that indicate the amount of energy saved by the
appliance efficiency improvement, the cost savings for the utilities on the margin, the cost
savings for the consumer, and the emissions avoided in terms of CO2, SO2, and NOx using both
the MEF and AEF methods. These results provide data that is of concern for many different
stakeholders, including utilities, consumers, society, and the environment.
The results of the lighting analysis indicate that it’s economical for all households in the
U.S. to upgrade their lightbulbs to LEDs. Depending on location, a household can save $50$300/yr. on its electricity bill from this efficiency improvement. Using the MEF method,
between 600 and 1,400 kilograms of CO2/yr. will be avoided per household. From these results,
it’s recommended that stricter lightbulb efficiency standards be implemented. In contrast, results
from the air conditioning analysis indicate that it’s only economical for households in a few
southern locations to upgrade their air conditioners to more efficient versions, and these houses
will avoid 300-900 kilograms of CO2/yr. It is recommended that standards for upgrading to more
efficient air conditioners be localized to account for regional climate variations.
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Introduction
The goal of this thesis is to estimate the total emissions avoided from replacing
residential appliances with more energy efficient ones, while showing that the marginal
emissions factor (MEF) approach to estimating these avoided emissions tends to be a more
accurate method than the average emissions factor (AEF) approach. The AEF approach looks at
the average emissions avoided from all the different types of power plants in a location, while
the MEF approach looks only at the emissions avoided by the last power plant that is dispatched
to meet demand at a specific time.
Most of the relevant literature focuses on analyzing household efficiency improvements
for demand reduction, and does not consider emission reductions. Furthermore, those who do
consider emissions in their analysis of household efficiency improvements fail to use a marginal
emissions factor approach, and therefore do not take into account the type of power plant on the
margin based on the hourly fluctuations in demand.
This paper remedies this lack of information by calculating nine different variables: the
energy saved by the improvement, the residential cost savings, the utility cost savings, and the
reduction in CO2, SO2, and NOx emissions using AEFs and MEFs. The energy saved by the
efficiency improvement will allow consumers to save money on their electricity bills. If the
efficiency improvements reduce peak load when operating costs are high, the utilities owning
these peak-load power plants will also save money on operation and fuel costs. The reduction in
CO2, SO2, and NOx emissions from the intervention will benefit society as the CO2 reductions
reduce our impact on climate change, while the reductions in SO2 and NOx will reduce pollution
and its associated health risks.
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This analysis considered two different appliances: lighting and air conditioning. A
benchmark appliance and its more efficient counterpart were compared to calculate their
difference in hourly emissions and energy cost over the span of a year. This analysis was
conducted for multiple locations across the United States in order to understand how energy
usage of an appliance and its emissions vary by location.
Considering the total avoided CO2, SO2, and NOx emissions of implementing more
efficient household appliances will allow policymakers to better predict and understand which
policies would be most effective for reducing emissions. For example, carbon dioxide is
considered a greenhouse gas and is of great concern for climate change policies. The Obama
administration has declared a plan that by 2025 the U.S. will decrease its carbon dioxide
emissions by 26-28% from 2005 levels [1]. In 2014, electricity generation, transmission, and
distribution accounted for 38% of total carbon dioxide emissions in the U.S. and is a sector
where there is opportunity to reduce emissions [2]. By quantifying the emissions reduced from
appliance energy improvements, policymakers can see if these improvements have a significant
impact on reducing emissions and whether or not they should pursue higher efficiency standards
or subsides for certain appliances.
This analysis provides a bottom-up approach where the effects of policies that shift or
alter energy consumption at the individual consumer level can be analyzed to produce the best
policy. Policymakers can then recommend appropriate efficiency standards for appliances to
meet their emission goals. They will have quantitative results showing if the residential
efficiency and emission programs they want to pursue will actually produce the outcomes
desired.
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Literature Review
MEFs versus AEFs
There are two typical approaches that could be taken when looking at emissions
reductions from an energy efficiency intervention. Avoided emissions can be measured using
average emissions factors (AEF) or marginal emissions factors (MEF). However, the average
emissions factor may produce incorrect results, as it looks at the average emissions produced
from the whole array of power generators in a region. In contrast, the marginal emissions factor
uses a time series approach that calculates the avoided emissions for an intervention for each
hour in the year based on the emissions produced by the last power plant that is dispatched to
meet demand during that hour [3].
It is important to analyze the hourly electricity consumption because demand fluctuates
throughout the day, and the type of generation plants that are dispatched depends on the demand.
The hypothetical dispatch curve, shown in Figure 1, demonstrates that power plants are
dispatched based on operation cost [4]. Hydropower, nuclear, solar, and wind plants are
dispatched first to meet demand because their operating costs are low as there are no fuel costs.
Once demand exceeds the capacity of the renewable plants, which is always the case for most
regions of the U.S., fossil fuel generators are dispatched. Of the fossil fuels, coal is usually the
cheapest; when this is the case, coal plants are dispatched first, followed by natural gas plants.
This is hypothetical, and dispatching does vary by location based on plant availability and fuel
prices. Although residential consumers pay a constant rate for their electricity, as can be seen
from this figure, plant operation cost is not constant and increases when demand increases.
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Figure 1: Hypothetical dispatch curve of power generators based on electricity demand and plant operation costs.

The last power plant that is dispatched to meet demand at a certain time is said to be on
the margin. The emissions emitted from this marginal power plant are what would be reduced if
consumption was reduced during that time. Depending on demand and the power plant
composition of a location, the marginal plant used during peak demand may produce more or
fewer emissions than off-peak times. For summers in New York City, the plants used to meet
peak loads have higher emissions than those used during off-peak. Usually natural gas combined
cycle generation plants meet baseload demand in New York City and steam turbines adjust to the
usual fluctuations. Yet during the summer, demand peaks due to the number of air conditioners
in use, so combustion turbines are dispatched to meet the electrical demand. However, since
these older peak plants are rarely used, they produce such a small amount of energy per year that
they are exempt from certain emission regulations [5]. By using the marginal emissions factor
instead of the average emissions factor, the emissions from plants on the margin, like these old
peak plants in NYC, can be taken into account.
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If AEFs were used to calculate the total emissions avoided by an intervention in New
York City instead of MEFs, the answers calculated could be very misleading. The average
emissions factor would consider the emissions avoided from all the power plants in NYC. Since
most of New York City’s electricity demand is met by natural gas with a little petroleum used
during peak times, the emissions avoided from the natural gas plants are weighted more heavily
in the AEF than the petroleum plants. However, if the petroleum plant is the marginal plant, it is
the one that would decrease its electricity output and would be the one avoiding emissions from
the intervention. The MEF would just consider emissions avoided from this marginal petroleum
plant. As the AEF approach would consider most emissions avoided from natural gas, while the
MEF approach would consider the emissions avoided from petroleum, the results from these two
approaches can vary drastically.
Here is an example of how drastically the results from these two approaches can differ.
Consider a location that produces 80% of its electricity from hydropower and 20% from coal.
The hydropower plant produces zero CO2 emissions and the coal plant produces 1,000 kilograms
of CO2 per MWh. If 1,000 MWh were avoided from an energy efficiency improvement, the
AEF approach would calculate the CO2 emissions to be 200,000 kg, as it considers the emissions
from all the power plants (Equation 1).

Equation 1: CO2 Emissions Avoided using AEF Method

(1,000𝑀𝑊ℎ × 0.8 × 0𝑘𝑔⁄𝑀𝑊ℎ) + (1,000𝑀𝑊ℎ × 0.2 × 1,000𝑘𝑔⁄𝑀𝑊ℎ) = 200,000𝑘𝑔

However, as the hydropower plant requires no fuel cost, it would be dispatched first to
meet demand. Once the demand exceeds the hydropower plant’s capacity, the coal plants would
be dispatched and considered the marginal generators. If the coal is the marginal generator, then
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the MEF approach would calculate the CO2 emissions to be 1,000,000 kg, as all of the energy
reduction would occur at the coal plant (Equation 2).

Equation 2: CO2 Emissions Avoided using MEF Method

(1,000𝑀𝑊ℎ × 0 × 0𝑘𝑔⁄𝑀𝑊ℎ) + (1,000𝑀𝑊ℎ × 1 × 1,000𝑘𝑔⁄𝑀𝑊ℎ) = 1 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑘𝑔

MEFs seem to be the more accurate approach to estimating avoided emissions. As this
example shows, results can vary drastically between these two methods.

Peak Demand Concerns and Emissions Concerns
Peak demand is becoming a concern for utilities as it has been deviating more from the
baseload demand over the years [6]. Although it may sound counter-intuitive for utilities to want
consumers to use less energy, it is actually more cost effective for utilities at certain times of the
day. Utilities want consumers to use less electricity during peak load. If peak load increases and
goes above the capacity that the generators can produce, then some consumers will not be
supplied with power. This would require the utilities to build more plants just to meet this high
demand that only occurs for a short amount of time [7]. Building new infrastructure is expensive,
and utilities would prefer consumers to reduce their consumption or shift their consumption to
off-peak times.
Another concern, especially for the government, is the impact that the greenhouse gases
emitted from these fossil fuel power plants have on climate change. The Obama administration
has declared a plan that by 2025 the U.S. will decrease its carbon dioxide emissions by 26-28%
from 2005 levels [1]. As of 2014, electricity generation, transmission, and distribution accounted
for 38% of total carbon dioxide emissions. Of these emissions, 76% were from coal plants and
22% were from natural gas plants [2]. As emissions are considered an externality in the market,
6

it is vital that the government intervene. In the summer of 2015, the EPA and President Obama
formed the Clean Power Plan. This plan mandates more aggressive emission standards for power
plants and provides a model for states to create their own emission goals [8].
The Clean Power Plan focuses on a supply side approach to emission reduction. Another
approach is to consider demand side emission reductions. A well-known example of a demand
side approach is the EPA’s ENERGY STAR program, which allows manufactures to voluntarily
label their products as ENERGY STAR if it meets certain energy efficiency standards. On its
own, the market does not provide consumers with information on a product’s energy efficiency
compared to another product of the same type. The ENERGY STAR program remedies this by
providing consumers with information about the efficiency of products, so they can make more
informed purchasing decisions. In 2013, this program prevented 293.9 million metric tons of
carbon dioxide from being emitted [9]. The success of the ENERGY STAR program shows that
consumers are choosing more efficient products to save money on their electricity bills. As a
result, less strain is put on the grid and the government is achieving some of its CO2 reduction
goals.

Household Energy Efficiency Literature
There have been many studies conducted on the energy efficiency of residential
buildings. One such analysis looked at replacing household appliances with more energy
efficient versions in European households to analyze its effect on electrical demand [10]. There
has been an increase in electrical demand in the EU, and one cause is an increase in the number
of electrical appliances being used. The study looked at the current 2008 appliances’ energy
consumption data and used a scaling factor to estimate future efficiencies for the year 2020 in
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order to predict what the future demand could be. From this analysis, reductions were found in
both the daily electrical energy consumption and the average daily demand in 2020. However,
the daily peak demands in 2020 were not always lower than the current 2008 peak demands, and
different types of management may have to be used to shift or reduce peak load [10]. For my
analysis, I also looked at household appliances. However, I looked at efficiency improvements
that can be implemented in the present time and also considered the total emissions avoided by
reducing demand.
A different approach seen in the literature is the study of energy improvements to
residential buildings that are being constructed instead of those already standing. For example, a
cost-benefit analysis was conducted to find economical building upgrades during construction of
households in Las Vegas in order to reduce the electricity demand from residential buildings
[11]. NV Energy, an electric utility in the Dessert Southwest region, provided a grant for this
study because the increase in electricity demand and peak loads in this region was making it
difficult for them to meet demand. The goal of the study was to find economical upgrades so the
utility can then create a rebate program from these upgrades that they could offer to
homeowners.
First, the study looked at basic upgrades to insulation, windows, lights, HVAC, etc. For
lighting, the basic upgrade was from incandescent bulbs to CFLs, and the basic upgrade for airconditioners was from a SEER 13 to a SEER 151. The study found that all the basic upgrades
were economical and should be part of the utility’s rebate program. For the advanced upgrades,
lighting was not considered, as LEDs were too expensive to be economical at the time of the
study. The advanced upgrade analysis for the air conditioners looked at SEER 17.5 and SEER 20
1

The efficiency of an air conditioner is described by its SEER value. The greater the seasonal
energy efficiency ratio (SEER), the more efficient the air conditioning unit is.
8

rated air conditioners. However, the study found it was not economical for these air conditioner
upgrades because the payback period was longer than the 20 year lifespan of the air conditioner
[11].
As in the above study, a study conducted on 1,134 homes in Yellow Springs, Ohio looked
at basic efficiency upgrades and advanced upgrades. The goal of this analysis was to see how a
specific region could reduce energy consumption and carbon emissions from implementing
energy efficiency improvements to existing residential buildings and newly constructed
buildings. This analysis aggregated natural gas and electricity data over several years to
understand the local consumption patterns. The total annual energy consumption was calculated,
and the energy and emissions reductions from implementing the energy reduction measures were
estimated, including updating to more efficient HVAC equipment. The author of this study
recognized that there may be tradeoffs between energy savings, economic savings, and emission
savings, and these tradeoffs need to be considered when creating new policies. The study also
noted that consumption and emissions vary greatly by region and a national policy on emissions
would be difficult to implement [12].
Other research includes a study that integrated AEFs into its analysis on energy usage and
emissions to quantify the private and social benefits of energy codes for newly constructed
commercial buildings [13]. Another looked at household energy savings and emissions
reductions from switching to more efficient lighting if the “heat replacement effect” (HRE) is
also considered [14]. Yet another study looked at how Mexico’s energy saving programs would
affect residential energy usage and CO2 emissions [15].
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Marginal Emissions Factor Literature
Although not seen with household appliance efficiency improvements, the marginal
emissions factor approach has been used for analyzing multiple scenarios. The first systematic
MEF calculations for the U.S. electricity grid were calculated by Siler-Evans [3]. How he
calculated these MEFs will be explained in detail in the Methodology section below. Siler-Evans
used MEFs to study the regional variations in emissions when wind and solar displaces
conventional power plants. He assumed that solar and wind generation displaced the emissions
and pollution that conventional generators’ emit from marginal electricity production. The study
then looked at hourly emissions and generation data to quantify the emission damage avoided by
displacing conventional plants with solar and wind. According to his findings, the emissions
avoided depends both on the energy produced and which conventional generators the solar and
wind are replacing [16]. Using MEFs was important for this analysis, because it mattered which
type of marginal power plant the wind and solar would replace, since different fossil fuel plants
create different emissions. In contrast, AEFs would assume that emissions from all the
conventional power plants in that region were reduced equally by switching to wind and solar.
Another study analyzed the effects of bulk energy storage on plant emissions by using
MEFs to account for the different times of day that the energy storage system is charging versus
discharging. This study concluded that overall, bulk energy storage increased emissions as
energy would be stored during off-peak hours when coal plants are usually on the margin. The
study also found that the effects of bulk energy storage on net emissions of CO2, SO2, and NOx
varied drastically by location [17].
The variance in avoided emissions across the U.S. seems to be a trending conclusion in
the Marginal Emissions Factor literature. An academic study focused on determining the best
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time to plug in and charge your electric vehicle came to this conclusion as well. Like the
previous literature, they found that emission rates varied throughout the U.S. because of the
variation in electric generation plants. In the western U.S., less carbon dioxide emissions were
produced by driving a plug-in electric vehicle (PEV) than a hybrid. But in the Midwest, charging
during the recommended night hours creates more emissions than a typical gasoline car. The
study concluded that for the average American, consuming electricity during peak demand times
produces fewer emissions than during off peak times [18]. There is a tradeoff between electricity
cost/demand and emissions for many regions, since the times when the demand is lower and
electricity is cheaper is often when the most emissions are emitted. This study used a direct
relationship between aggregate emissions and end-use consumption to allow for marginal power
plants to be located outside of the region that is consuming the electricity. However, for my
analysis, I used the approach Siler-Evans’ used and assumed that electricity consumption in a
region is met by power plants in that same region.
As summarized above, the relevant literature provides extensive research on the topic of
energy efficiency improvements of residential buildings. However, it usually is focused on
reducing cost and does not consider emissions. Those that do consider emissions fail to use a
marginal emissions factor approach, and therefore do not take into account the type of power
plant on the margin based on the hourly fluctuations in demand. My thesis remedies this lack of
information by using MEFs to calculate the avoided emissions from implementing more efficient
household appliances, like previous studies have done with renewable generation, bulk energy
storage, and electric vehicles.

11

Methodology
For this thesis, I looked at replacing lightbulbs and air conditioners with more energy
efficient versions. The annual energy savings from the upgrade were calculated, along with the
emissions avoided. This analysis was conducted for multiple locations across the United States in
order to understand how energy usage of an appliance and its associated emissions vary by
location.
There is a vast array of electrical household appliances that could have been chosen for
this analysis. However, air conditioning and lighting were chosen due to their interesting daily
load profiles that peak at certain times of the day (Figures 3 & 4). For lighting, this occurs when
people get ready in the morning and when they return home from work. For air conditioning,
demand peaks in the early evening. Since demand fluctuates for these two appliances, the
marginal power plant will differ at peak and off-peak times. In contrast, if a refrigerator was
chosen for the analysis, the energy demand would be relatively constant throughout the day [19].
Since energy demand for a refrigerator does not peak and energy consumption is uniform
throughout the day, the same power plant would be on the margin for every hour of the day. As
air conditioning and lighting require a different marginal emissions factor for each hour of the
day, a more interesting analysis and results can be obtained.
For air conditioning and lighting separately, nine different variables were calculated in
this thesis: the energy saved by the improvement, the residential cost savings, the utility cost
savings, and the reduction in CO2, SO2, and NOx emissions using AEFs and MEFs (Figure 2).
The energy saved by the efficiency improvement will allow consumers to save money on their
electricity bills. Along with the consumers, the utilities benefit as well. If the efficiency
improvements reduce peak load when operating costs are high, power plants will also save
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money on operation and fuel costs. The reduction in CO2, SO2, and NOx emissions from the
intervention will also benefit society, as the reductions in CO2 reduces America’s impact on
climate change and the reductions in SO2 and NOx reduce pollution and its associated health
risks. These three emissions were calculated using both the average emissions factor approach
and the marginal emissions factor approach. Their results were then compared to see if there was
a significant difference in using the more accurate MEF approach. In order to calculate these
variables, energy consumption, efficiency, and emissions data were collected. How this data was
acquired is explained more thoroughly in the sections below.
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Figure 2: Method of Analysis and Flow of Equations- Blue boxes represent inputs, green boxes represent outputs, and
blue boxes with a green outline represent outputs that are now inputs.
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Lighting
In order to calculate the energy, electricity cost, and emissions a household would save
by improving the efficiency of its lighting, the current lighting consumption levels of that house
need to be known. It is necessary to have hourly consumption data when using marginal
emission factors, because the power generator on the margin can change hourly due to the
change in demand. Luckily, the U.S. Department of Energy provides simulated household
consumption data for lighting and air conditioning, individually, in its 2012 Residential Hourly
Load Profiles for TMY3 locations across the U.S. [20]. The Typical Meteorological Year (TMY)
datasets contain hourly solar radiation and other hourly weather data for a one year period for
1,020 locations across the U.S. This data is used in building simulations, including the simulation
that calculated the 2012 Residential Hourly Load Profiles [21]. These profiles break down
household lighting and air conditioning consumption data into kilowatts used for each hour of
the day for the whole year. In other words, it provides consumption data for 8,760 hours.
Different household consumption data is available for all 1,020 TMY3 locations across the U.S.
For example, Figure 3 shows 24 hours of this lighting power demand data for a summer day in
Cleveland, Ohio.
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Figure 3: Peak and off-peak electricity demand for lighting over a 24 hour period for a household in Cleveland, Ohio.

As can be seen from the figure above, demand fluctuates throughout the day and peaks at
night when people come home from work and school. The 2012 Residential Hourly Baseload
Profiles used for these two appliances is based off the lighting and air conditioning standards in
the B10 house benchmark from the Building America House Simulation Protocols. This
benchmark house follows the 2009 International Energy Conservation Code (IECC) and the
2010 federal appliance standards [22].
Once the original lighting consumption data from the households was collected, the next
step was to calculate the appropriate lightbulb efficiency factor. This efficiency factor was
eventually multiplied by the original lighting consumption data in order to calculate how much
energy was saved by implementing the efficiency improvement. The B10 benchmark specifies
that the house lighting used to create the consumption data profiles is composed of 66%
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incandescent, 21% compact fluorescent, and 13% T-8 linear fluorescent [22]. The lighting in this
house can be upgraded to LEDs to be more efficient.
To conclude whether or not it would be economical to upgrade to LEDs, data was
gathered for 18 different lightbulbs from Amazon.com, six bulbs for each of the three different
lighting types [23]. For each lightbulb, the price per bulb was documented, along with its
lumens, watts, and lifetime (Table 1). All bulbs researched were sold in packs of four to
eliminate differences in price due to bulk. The incandescent and LED bulbs documented are
A19s and the CFLs are spirals. The average cost per bulb was then calculated for each type of
lightbulb. On average, an incandescent bulb costs $1.35, a CFL costs $3.65, and an LED costs
$5.98. Although LEDs have a higher capital cost, they are still the most economical option
because they use less electricity to operate and have a longer lifetime than the other two types of
bulbs. For comparison, LEDs last more than 20 times longer than incandescent bulbs and about
two times longer than CFLs. As CFL and incandescent bulbs would have to be replaced more
often, LEDs can be considered the most cost effective option.
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Table 1: Cost, lumens, watts, lifetime, and efficacy of incandescent, CFL, and LED bulbs.

Incandecent
A19

Average

CFL Spiral

Average

LED A19

Average

$/bulb
1.30
1.71
1.00
1.45
1.00
1.66
1.35
2.31
3.75
4.99
5.00
4.09
1.75
3.65
4.95
4.63
8.70
5.50
4.61
7.50
5.98

Lumens
490
1690
860
1170
1530
870

Watts
40
100
60
75
100
60

900
1600
1250
1600
1600
550

14
23
20
23
23
9

800
800
800
880
400
800

8.5
9
10.5
11
6.3
9.5

Lifetime (hrs) Efficacy (lm/W)
1000
12.25
750
16.90
986
14.33
766.5
15.60
1500
15.30
1000
14.50
1000
14.81
9965
64.29
9965
69.57
9965
62.50
12000
69.57
9965
69.57
9855
61.11
10286
66.10
10000
94.12
24966
88.89
15000
76.19
25000
80.00
25000
63.49
25000
84.21
20828
81.15

After proving that LEDs would be the most efficient and economical option, the next step
was to calculate the LED bulb efficiency factor by quantifying how much more efficient LEDs
are compared to CFLs and incandecents. This efficiency factor is needed in order to calculate the
energy saved from switching to LEDs. To compare the efficiency of the bulbs to each other, the
efficacy of each bulb was calculated. Efficacy is the amount of lumens produced per watt, where
lumens are the measurement of the light output and watts are the amount of power. So in other
words, the efficacy is the amount of light produced by a certain amount of power. The average
efficacies of the three types of lightbulbs were compared to calculate how many watts would be
saved by switching to LEDs while still producing the same amount of lumens. The results
indicate that an LED would consume 81.7% less energy than an incandescent and 18.5% less
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energy than a CFL (Equations 3 & 4). Therefore, LED lighting will use less electricity to
produce the same amount of lumens.
Equation 3: Percent of energy saved from switching from an incandescent to a LED

(1 − (𝐴𝑣𝑔. 𝐼𝑛𝑐𝑎𝑛𝑑𝑒𝑠𝑐𝑒𝑛𝑡 𝐸𝑓𝑓𝑖𝑐𝑎𝑐𝑦⁄𝐴𝑣𝑔 . 𝐿𝐸𝐷 𝐸𝑓𝑓𝑖𝑐𝑎𝑐𝑦)) × 100
= (1 − (14.81⁄81.15)) × 100 = 81.7%

Equation 4: Percent of energy saved from switching from a CFL to a LED

(1 − (𝐴𝑣𝑔. 𝐶𝐹𝐿 𝐸𝑓𝑓𝑖𝑐𝑎𝑐𝑦⁄𝐴𝑣𝑔 . 𝐿𝐸𝐷 𝐸𝑓𝑓𝑖𝑐𝑎𝑐𝑦)) × 100
= (1 − (66.10⁄81.15)) × 100 = 18.5%
Another approach to compare bulb efficiencies, besides efficacy, is by comparing the
wattage of LEDs and CFLs to a 60W equivalent incandescent bulb. However, this method
doesn’t take into account that two bulbs, take two CFLs for example, can have the same wattage
but output a different amount of lumens. Therefore, efficacy was the more appropriate method to
use.
Since CFL and incandescent bulbs consume different amounts of energy, the next step
was to calculate how much of the original household lighting energy consumption was from
CFLs and how much was from incandescent bulbs. Based off the B10 benchmark house, 66% of
the bulbs in the house are incandescent and 34% are compact fluorescent. It was assumed that
the T-8 linear fluorescent had a similar efficacy as the compact fluorescent. I first calculated that
an incandescent uses 77.6% more energy than a CFL by a ratio of their efficacies (Equations 5 &
6). This value was then multiplied by the 66% composition of incandescent bulbs in the house. I
used the same method for CFLs and then looked at the ratio of those two answers to calculate the
percent of light consumed from CFLs and the percent consumed by incandescents in the B10
benchmark house (Equations 7 & 8).
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Equation 5: Percent of energy used by a CFL compared to an incandescent

(𝐴𝑣𝑔. 𝐼𝑛𝑐𝑎𝑛𝑑𝑒𝑠𝑐𝑒𝑛𝑡 𝐸𝑓𝑓𝑖𝑐𝑎𝑐𝑦⁄𝐴𝑣𝑔 . 𝐶𝐹𝐿 𝐸𝑓𝑓𝑖𝑐𝑎𝑐𝑦) × 100
= (14.81⁄66.10) × 100 = 22.4%

Equation 6: Percent of energy used by an incandescent compared to a CFL

= 100% − 22.4% = 77.6%

Equation 7: Percent of light energy consumed from CFL in benchmark house

% 𝐸𝑛𝑒𝑟𝑔𝑦 𝑢𝑠𝑒𝑑 𝑏𝑦 𝐶𝐹𝐿 × % 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝐹𝐿 𝑖𝑛 𝐻𝑜𝑢𝑠𝑒
% 𝐸𝑛𝑒𝑟𝑔𝑦 𝑢𝑠𝑒𝑑 𝑏𝑦 𝐼𝑛𝑐𝑎𝑛𝑑𝑒𝑠𝑐𝑒𝑛𝑡 × % 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝐼𝑛𝑐𝑎𝑛𝑑𝑒𝑠𝑐𝑒𝑛𝑡 𝑖𝑛 𝐻𝑜𝑢𝑠𝑒
= (22.4% ∗ 34%)⁄(77.6% ∗ 66%) = 15%

Equation 8: Percent of light energy consumed from incandescent in benchmark house

100% − 15% = 85%
The results indicate that 15% of the lighting energy consumption of the benchmark house
is from CFLs and 85% is from incandescent bulbs. As previously calculated, an LED consumes
81.7% less energy than an incandescent and 18.5% less energy than a CFL. These values were
inserted into Equation 9 below to solve for the total energy saved by switching to LEDs, or in
other words, to solve for the efficiency factor.
Equation 9: Light efficiency factor (%)

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 (%) = 1 − [(. 85 ∗ (1 − .817)) + (. 15 ∗ (1 − .185))] = 72%
In conclusion, for the lighting part of the analysis, the interior and exterior lighting
columns of the load profile data were added together for each hour of the year to acquire the
overall lighting consumption by the household for each hour. The consumption for each hour
was then multiplied by the light efficiency factor of 72% to calculate how much energy was
saved by switching the house over to LEDs.
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Air Conditioning
As with lighting, in order to calculate how much energy a household would save by
improving the efficiency of its air conditioner, the current air conditioner consumption levels of
that house needed to be known. The simulated air conditioner hourly consumption data contained
in the 2012 Residential Hourly Load Profiles was used for this analysis [20]. Figure 4 shows a 24
hour period of power demanded for air conditioning for a summer day in San Antonio, Texas.
For this location, air conditioner usage peaks around 5 o’clock in the evening.

Figure 4: Peak and off-peak electricity demand for air conditioning over a 24 hour period for a household loacted in San
Antonio, Texas.

Similar to lightbulbs, the air conditioner efficiency factor needed to be calculated in order
to calculate the amount of energy saved by installing a more efficient air conditioner. However,
unlike the lighting analysis where it was economical for all households to switch completely over
to the most efficient lightbulbs available, it would not be economical for all the households in the
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U.S. to switch to the most energy efficient air conditioner on the market. For the analysis, the air
conditioner efficiency improvement was varied based upon the amount of electricity a
household’s air conditioner currently consumes. This is because it would be more economical for
residents in warmer climates to install a more efficient air conditioner than in cooler climates, as
they use their air conditioner more often and would have a shorter payback period.
Installing the appropriate air conditioner in a household is much more complicated than
installing a lightbulb. The size of an air conditioner is measured in tons and is dependent on the
square footage of the household and the climate zone that it is located in. The B10 benchmark
house that the 2012 Residential Load Profiles used to simulate air conditioner consumption has a
different square footage depending on the climate region of the U.S. that it is located in. A chart
provided by a mechanical consulting firm provides the correct air conditioner size for a house
depending on the climate zone and square footage of the house [24]. Climate zones and climate
regions are different, and the B10 benchmark uses climate regions while the chart uses climate
zones. Nevertheless, they do overlap, and I was able to estimate the most appropriate sized air
conditioner, in tons, for each region (Table 2). As can be seen in the table, the air conditioner
sizes range from 3.5 to 5 tons. To simplify the analysis, only 4 ton air conditioners will be
analyzed. It is also important to note that households in the Marine region do not contain air
conditioners in its residential hourly load data [25].
Table 2: The air conditioner load capacity (in tons) to be installed, based on the climate of the household location and the
square footage of the house.

Zone
4 and 5
2 and 3
2
1
2

Region
Very Cold/Cold
Mixed-Humid
Mixed-Dry/Hot Dry
Hot-Humid
Marine
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Sq Ft
2696
2546
2000
2023
2090

Tons
4
4 to 5
3.5
3.5
3.5

Once it was decided that a 4 ton air conditioner would be used for the analysis, research
was conducted on the efficiency and cost of air conditioners in order to calculate the most
economical efficiency upgrade based on the household’s air conditioner electricity consumption.
When it comes to air conditioners, efficiencies are compared through an air conditioner’s
seasonal energy efficiency ratio (SEER), which is the ratio of the cooling output over the power
consumed [26]. Each air conditioner is assigned a SEER value, and the larger the SEER value,
the more efficient the air conditioner unit is. According to the B10 Benchmark, the load profile
data was calculated using an air conditioner with an efficiency of 13 SEER for both packaged
units and split systems [22]. Therefore, if economical, any energy efficiency improvement made
to the benchmark house has to be greater than a SEER 13.
For my analysis, I looked solely at split system air conditioners, as these have a higher
range of efficiency than packaged units. Packaged air conditioners are completely assembled at
the manufacturing site, so it is at its optimal efficiency. However, all the electrical components
are installed outside with the condenser. A split system puts the electronics and controls in the
attic or basement and can be adapted to the house. If installed properly, they will perform at
higher efficiencies than packaged units. Packaged air conditioners have a SEER range of 13 to
15, while split systems can go up to a SEER 25 [27]. To calculate which SEER value was
economical based upon the household’s consumption, the cost of 4 ton split system air
conditioners for different SEER ratings was researched on webhvac.com [28]. I documented the
cost of these air conditioners for ten different manufacturers and then calculated the average cost
for each SEER rating (Table 3). Note that the cost is only for the condensing unit, and there are
other parts of the split system that need to be purchased, like the evaporator coil, which are not
considered in the capital cost or payback period of this analysis [29].
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Table 3: The capital cost of 4-ton air conditioners based on SEER rating from eight different manufacturers. All capital
cost values with the same SEER rating were averaged together to get an average capital cost.

Manuf.
13
$ 2,139
13
Maytag
$ 2,279
13
Coleman
$ 3,149
13
York
$ 2,649
American
13
Standard $ 1,679
13
Goodman
$ 1,439
13
Ruud
$ 1,779
13
Armstrong
$ 1,169
13
Ducane
$ 1,229
13
Lennox
$ 1,589
Average
13
Cost
$ 1,844
Bryant

14
$ 2,249
15
$ 2,859
16
$ 3,439
16
$ 2,899
14.5
$ 1,739
14
$ 1,489
14.5
$ 2,109
13
$ 1,479
14
$ 1,639
14
$ 1,779
14
$ 1,759

17
$ 2,779
16
$ 3,159
18
$ 3,689
18
$ 3,269
14.5
$ 1,829
14
$ 1,619
16
$ 2,819
14
$ 1,779
16
$ 2,039
18
$ 2,919
14.5
$ 1,978

Capital Cost Based on SEER Rating
13
16
16
17
20
$ 1,759 $ 1,999 $ 3,079 $ 3,239 $ 3,579
24.5
13
15
16
$ 4,229 $ 1,889 $ 2,259 $ 2,459
13
14.5
13
14.5
$ 1,829 $ 2,139 $ 1,859 $ 2,089
13
14.5
13
14.5
$ 1,789 $ 2,149 $ 1,639 $ 1,789
17
18
20
$ 2,099 $ 2,289 $ 2,499
16
16
18
$ 1,769 $ 1,989 $ 2,659
16
18
$ 2,989 $ 3,349
16
18
$ 2,439 $ 2,899
18
$ 2,619
21
$ 3,549
15
16
17
18
20
$ 2,559 $ 2,590 $ 2,706 $ 2,962 $ 3,039

21
$ 3,549

24.5
$ 4,229

The average capital cost data in Table 3 was then plotted, and a linear trendline was
applied to eliminate noise in the data (Figure 5). The capital cost of the air conditioners were
recalculated using the linear equation from the trendline.
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Figure 5: Trendline applied to the average capital cost of a 4-ton air conditioner based on SEER rating.

The air conditioner capital costs, evaluated from the trendline for each SEER rating, are
one of the variables that are needed for the cost-benefit analysis (Table 4). This cost-benefit
analysis was conducted to figure out the highest SEER rated air conditioner a household could
upgrade to with it still being economical for the resident. As can be seen in Table 4, the
difference between the capital costs of each SEER value compared to a SEER 13 was calculated,
along with each SEER’s efficiency compared to a SEER 13. Once these constant variables were
calculated, the rest of the cost-benefit analysis was conducted in MATLAB as all other variables
are dependent on location.
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Table 4: Variables used in cost-benefit analysis to obtain net present value based on SEER rating. Variables include the
capital cost of a 4-ton air conditioner and the dollars saved from reduced electricity consumption.

SEER
13
14
14.5
15
16
17
18
20
21
24.5
Capital Cost ($)
$1,825 $2,033 $2,137 $2,242 $2,450 $2,659 $2,867 $3,284 $3,493 $4,223
Extra Cost ($) *
$ 209 $ 313 $ 417 $ 626 $ 834 $1,043 $1,460 $1,668 $2,398
Efficiency (%) *
7.1%
10.3% 13.3% 18.8% 23.5% 27.8% 35.0% 38.1% 46.9%
Energy Saved (kWh/yr)
(Dependent on A/C electricity consumption at each location.)
(Dependent on Residential Cost of Electricity at each location.)
Dollars Saved ($/yr)
(Based on a 15 year payback period at a 5% discount.)
Present Value ($)
(The extra capital cost subtracted from the PV.)
Net Present Value ($)
*Compared to SEER 13

In MATLAB, the amount of energy consumed annually by a location was calculated.
This value was then multiplied by the efficiency increase of every SEER value to calculate the
energy saved. The energy saved was then multiplied by the residential electricity price to figure
out how much money would be saved on the resident’s electricity bill each year. The fixed
present value function in MATLAB was then utilized to calculate the total dollars saved in
electricity over a 15 year period with a 5% discount rate. Next, the net present value was
calculated by subtracting the present value by the extra capital cost. The NPV has to be positive
for the upgrade to be economical. The positive NPV with the highest SEER rating was chosen as
the air conditioner efficiency factor. This was conducted for each location.

Televisions
Along with air conditioners and lights, I also researched televisions. However, as will be
explained below, after some research, I decided to disregard analyzing televisions any farther.
The TMY3 Residential Load Profiles do not provide a column solely for television energy
consumption like it does for air conditioning and lighting. Therefore, other sources were utilized,
including the American Time Use Survey (ATUS) [30]. ATUS records the daily routine from a
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sample of Americans, including when and for how long they are watching television. A study
conducted by Ashok Sekar used the 2013 ATUS data to analyze the probability that a television
would be on or off, and the data from his analysis is shown in Figure 6 [31].

Figure 6: Probability of a television set being “on” over a 24 hour period.

After gathering the probability data from Sekar’s research, the next step was to
investigate different types of televisions Americans use and purchase. The U.S. Energy
Information Administration (EIA) conducts a Residential Energy Consumption Survey (RECS)
on households in America [32]. The most recent survey was conducted in 2009 and provides the
most popular television display types at that time (Table 5). In 2009, standard tubes were still the
most popular, with LCDs coming in as a close second.
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Table 5: Screen display types of television sets in American households in 2009

Display Type
Standard Tube
LCD
Plasma
Projection
LED
No Televisions

# of U.S. Homes
(Millions)
50.2
46.0
9.7
5.0
0.2
1.5

As I began to investigate the types of televisions on the market, it became obvious that
LCD televisions are the most prevalent and most efficient televisions on the market. The
ENERGY STAR website provides a list of 2016’s most efficient televisions and 33 out of 34
contained LCD screens [33]. Furthermore, televisions available for purchase were searched for
on BestBuy.com and Amazon.com, and Amazon only offers two plasma televisions, while
BestBuy does not sell plasmas anymore [23] [34]. Therefore, my initial plan to compare the
energy efficiency of plasma televisions to LCDs and LEDs would not be a useful analysis as the
market mainly provides LCDs and LEDs. I then began to investigate efficiency differences
between LCD and LED televisions by searching 32” televisions on BestBuy [34]. However,
there did not seem to be a noticeable deviation in LCD and LED energy use (Table 6).
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Table 6: Manufacturer, cost, resolution, and electricity consumption of televisions with LCD and LED screen displays.

Screen
Type

LCD

LED

Manuf.

Cost ($)

Samsung
LG
JVC
Sansui
Sharp
Insignia
Insignia
Samsung
Sharp
Vizio
Vizio
LG

477.99
227.99
244.44
193.04
289.22
149.99
199.99
249.99
199.99
229.99
179.99
197.99

Electricity
Resolution
Used
(kWh/yr)
1080
59
720
73
1080
72
720
80
1080
189
720
72
1080
91
1080
52
1080
75
1080
79
720
53
720
74

I then decided to take a closer look at EnergyStar’s list of 2016’s most efficient
televisions [33]. The list provides each television’s energy consumption, which could be used to
find the relationship between television size (measured diagonally) and power demand (watts).
As can be seen in Figure 7, there seems to be a high linear correlation between the size of the
television and the amount of energy it uses. Using the equation provided by the trendline in the
graph, for every inch the television increases by, 0.7 more watts of power are needed.
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Figure 7: Linear trendline applied to the power demanded by a television set based on its screen size.

The data in Figure 7 could be used to compare the energy and cost savings of purchasing
a smaller television, as the smaller ones would be more energy efficient. However, reducing the
size of a television is a conservation method, and the scope of this thesis is on energy efficiency.
Therefore, no farther analysis was conducted on televisions for this thesis. The market has
shifted to the most efficient televisions without the need for government policy intervention.

Obtaining the AEF and MEF Data
After the efficiency factors for lighting and air conditioning were calculated, the next step
was to obtain the average and marginal emissions factors for each eGRID subregion. There are
26 eGRID subregions in the U.S. (Figure 8), and the EPA has emissions and generation data for
most of the electric power generators in each subregion [35] [36].
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Figure 8: A map of the boundaries and names of the 26 eGRID subregions in the U.S.

The eGRID data used in this analysis is for the year 2009. For the average emission
factor, the factor is simply the output emission rates for each eGRID subregion [36]. As can be
seen in Table 7, the output emission rates are in pounds per megawatt hour; this was later
converted to kilograms per kilowatt hour. The table only contains 22 eGRID subregions as
Alaska and Hawaii were omitted from this analysis.
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Table 7: 2009 average emissions factors for CO2, NOX, and SO2 emissions for 22 eGRID subregions. Note: The four
subregions that comprise Alaska and Hawaii are omitted.

eGRID Subregion
CO2
AZNM
1191.35
CAMX
658.68
ERCT
1181.73
FRCC
1176.61
MROE
1591.65
MROW
1628.60
NEWE
728.41
NWPP
819.21
NYCW
610.67
NYLI
1347.99
NYUP
497.92
RFCE
947.42
RFCM
1659.46
RFCW
1520.59
RMPA
1824.51
SPNO
1815.76
SPSO
1599.02
SRMV
1002.41
SRMW
1749.75
SRSO
1325.68
SRTV
1357.71
SRVC
1035.87
* Emissions in lb/MWh

NOx
1.5242
0.4192
0.7205
0.9820
1.4831
2.3173
0.5242
1.0421
0.2792
1.1310
0.3954
0.8130
1.7817
1.3125
2.5904
2.0516
1.8969
1.0499
1.0075
1.0616
1.0204
0.6805

SO2
0.6195
0.1822
2.2423
1.8936
5.1268
4.1754
1.4175
1.0465
0.1030
1.0030
0.9849
4.6048
6.1414
5.9040
1.9264
3.0467
3.1267
1.5728
5.4733
4.8534
3.2201
2.1194

MEFs are not as simple to acquire as AEFs, as the EPA does not calculate marginal
emissions factors for each subregion. Therefore, the MEFs used in my analysis were calculated
by Siler-Evans, who was the first person to present systematic MEF calculations for the U.S.
electricity grid [3]. Siler-Evans aquired emissions data from the EPA’s Continuous Emissions
Monitoring System (CEMS), which contains power plants’ hourly SO2, NOx, and CO2 emissions,
along with their gross power outputs. This data, which spans from 2009 to 2011, was sorted into
eGRID subregions depending on the plant’s location [16]. The data was then used to calculate
the change in fossil fuel generation (MWh) between one hour and the next and the corresponding
change in emissions (kg) for that hour. The change in emissions versus the change in generation
was plotted as a linear regression to find the average MEF [3].
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Once Siler-Evans completed this analysis, he was left with 24 marginal emission factors
for each eGRID subregion, one for each hour of the day. He also accounted for seasonal
differences by having a day with different MEFs for summer, winter, and fall/spring. The MEFs
he calculated for CO2, NOx, and SO2 emissions were used in this thesis analysis. The MEFs were
in kilograms per megawatt hour, and were converted into kilograms per kilowatt hour.
It is important to note that there are limitations to Siler-Evans’ method. The CEMS
database only contains data for fossil fuel plants that have a capacity greater than 25 MW.
Therefore, this method assumes that renewable, nuclear, hydropower, and small fossil fuel plants
are never on the margin. It also assumes that the plant in a specific eGRID region is producing
power for that region only, and there are no imports and exports between eGRID regions.

Obtaining Residential and Utility Electricity Prices
The residential electricity prices and the utility hourly market prices were obtained from
Eric Hittinger, who gathered this data for his analysis on the effects of bulk energy storage on
plant emissions [17]. The hourly market prices only exist for 20 eGRID subregions, and exclude
FRCC and SRSO. It contains market prices in dollars per megawatt hour for every hour in the
year; this was later converted for calculation purposes to dollars per kilowatt hour. The
residential price is a constant value for a household, and varies by location. The residential prices
were also given in dollars per megawatt hour and later converted to dollars per kilowatt hour.

Calculations using MATLAB
Once all the data was collected, it was time to calculate the results. Due to the number of
household locations that needed to be analyzed, the calculations were conducted in MATLAB.
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The MATLAB code that I modified for my analysis was created by Eric Hittinger and used in his
previous MEF analysis to calculate emissions from bulk energy storage; his code already
contained the MEF data given to him by Siler-Evans [17]. The flowchart below displays how the
collected data was used to calculate the results (Figure 9).

Figure 9: Flow of equations used in MATLAB simulation.
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First, the TMY3 household load profile hourly consumption datasets for lighting and air
conditioning were inserted into MATLAB. The percent efficiency savings that were calculated
for each appliance improvement was multiplied by the hourly consumption data to calculate the
energy saved in kWh. Then, the appropriate marginal emissions factor for that hour was
multiplied by the energy saved in that hour, and repeated for the 8760 hours in a year to calculate
the total annual savings in CO2, SO2, and NOx emissions for each of the appliances. These
emissions were also calculated using the AEF approach, by multiplying the appropriate average
emissions factor by the energy saved in kWh per year. Next, the residential annual electricity
cost savings were calculated by multiplying the energy saved by the residential electricity price
for that location. Finally, the marginal generation cost savings were calculated by multiplying the
energy saved each hour by the utility hourly market prices for that eGRID subregion.
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Results
Lighting
The simulated TMY3 Residential Hourly Load Profiles used for analyzing the lighting
efficiency improvements contained only three different electricity consumption values for
lighting for all households in the United States. As explained in the Methodology section, the
B10 benchmark household originally contained incandescent and CFL bulbs, and saved 72% of
its lighting energy by switching to LEDs. Figure 10 below shows the energy saved by switching
to LEDs based on the location of the household. Households in the southernmost sections of the
U.S. will save 1242 kWh of energy per year from the efficiency improvement. Likewise,
households in the states in the Mideast part of the U.S. will save 1500 kWh of electricity per
year, while the rest of the U.S. will save 1577 kWh per year.

Figure 10: Map of the annual kilowatt-hours of energy savings by a household from implementing the lighting energy
efficiency improvement.
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Although most households in the U.S. have similar lighting consumption reductions by
switching to LEDs, the electricity cost savings to consumers varies drastically by region. The
figure below displays the amount of dollars per year a household would save on their electricity
bill by implementing this lighting improvement (Figure 11). Households in New York State and
New England will benefit the most from switching their lights to LEDs, as electricity is
expensive in these areas and households consume a lot of energy for lighting. California
households will also greatly benefit, as their electricity is expensive; however, due to lower
lighting energy consumption in California than in New England, the benefits won’t be as
substantial.
In contrast, residents in Washington State consume the same amount of energy as New
York State and New England, but since electricity is cheap in that area, residents won’t see as
significant of savings. For example, if a typical household contains 47 lightbulbs and each LED
bulb costs $6, it would cost the resident $282 to switch all their lights [37]. For residents of New
England and New York, the payback period is little bit more than a year. For Washington State
residents, it will be about a 5 year payback period.
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Figure 11: Map of the annual residential electricity cost savings by a household from implementing the lighting energy
efficiency improvement.

Figure 12 below displays the dollars per year that the utility that owns the power
generator on the margin would save per household due to the electricity demand reduction from
the lighting efficiency improvement. All utilities in an eGRID subregion used the same market
price values, hence, the block –like map. The electricity cost savings to the utilities would be the
highest in New York City, where utilities would purchase $70 less electricity annually per
household if residents switched to LEDs. In contrast, utilities in Arizona and Texas would reduce
their electricity purchases by $30 per year per household.
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Figure 12: Map of the annual utility electricity cost savings for each household that implements the lighting energy
efficiency improvement.

Using the marginal emissions factor approach, the CO2, NOx, and SO2 emissions from
implementing this lighting efficiency improvement were calculated, and results vary drastically
by eGRID subregion. The figure below shows the annual kilograms of CO2 avoided per
household from switching to LEDs (Figure 13). The Midwest region of the United States emits
the most CO2 emissions; therefore, installing LED lights in households in this region would have
the greatest impact on CO2 emissions. However, it is important to note that this map is
considering emissions avoided per household, and does not consider population density.
The reason for the high amount of CO2 emissions in the Midwest is because coal is the
power plant on the margin when lighting is in use. Each household in the Midwest would save
around 1300 kilograms of CO2 from being emitted into the atmosphere. In contrast, California
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and Florida households use a lot of natural gas on the margin, and would save about 550 kg of
CO2 per year.

Figure 13: Map of the annual kilograms of CO2 emissions avoided by a household from implementing the lighting energy
efficiency improvement.

The difference between using AEFs and MEFs was also analyzed. The emissions avoided
calculated by using the MEF approach were subtracted from the avoided emissions calculated
using the AEF approach. Values on the map that are greater than zero kilograms per year
indicate regions where the AEF approach overestimated the amount of emissions avoided by a
household that installed LEDs (Figure 14). On the other hand, values less than zero kilograms
per year indicate instances where the AEF approach underestimated the emissions avoided
compared to the MEF approach.
Figure 14 below shows the difference in the results calculated using the AEF and MEF
methods for the amount of CO2 emissions avoided. The AEF method underestimated the amount
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of annual CO2 emissions avoided by New York State households by more than 600 kg/yr. The
reason for this discrepancy is due to the power plant capacity composition of NYS. New York
electricity is composed of 33% nuclear, 31% natural gas, 21% hydro, 10% coal, 2% petroleum,
and 4% other [38]. Since hydropower and nuclear produce no emissions and make up more than
half of the power plant composition by capacity, the average emissions factor for New York
would be low. However, if natural gas and petroleum are the marginal power plants meeting
demand when lighting is in use, the marginal emissions avoided are going to be higher than the
average emissions.
On the opposite side of the spectrum, the AEF method overestimated the amount of CO2
emissions avoided in Michigan and Colorado by 400 kg/yr. Michigan’s power generation
composition is 66% coal, 22% nuclear, 8% natural gas, and 4% other, while Colorado’s is 63%
coal, 27% natural gas, and 10% hydro and solar [38]. Coal generators produce a large portion of
the electricity in these states, so average emissions look high. However, the marginal power plant
is natural gas which produces fewer emissions than coal.
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Figure 14: Map of the difference in results from the MEF approach subtracted from the results of the AEF approach.
Results are given in annual kilograms of CO2 emissions avoided. Positive values indicate areas where the AEF method
overestimated the amount of emissions avoided and negative values indicate areas where the AEF method underestimated
the amount of emissions avoided.

Figure 15 below shows the NOx emissions avoided annually, calculated using the MEF
method. NOx emissions are mostly due to coal plants, so they are a good indicator of which
locations are using coal plants on the margin. Along with avoiding the most CO2 emissions, the
Midwest would also avoid the most NOx emissions per household, with each house avoiding 1.8
kilograms of NOx per year. In contrast, California, Texas, and New England households produce
the least amount of NOx emissions because natural gas is on the margin.
Most of the other regions in the U.S. may have either a mix of natural gas and coal on the
margin, or older natural gas plants on the margin that produce more emissions. Take Washington
for example, it has older single-cycle gas-fired plants that can ramp up quickly to meet peak
demand, but these produce more emissions than the newer combined-cycle combustion turbines
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used to meet the baseload demand in Washington [39]. Emissions from natural gas plants can
vary between plants, so some natural gas plants on the margin may produce more emissions than
others. Another reason for all the different avoided emissions values is because a region has
different types of plants on the margin at different times of the day. For example, Tennessee’s
electricity composition based off capacity is 0.2% petroleum, 0.5% natural gas, and 52.2% coal
[38]. Since there is such a small capacity of petroleum and natural gas, all three of these fossil
fuels could be on the margin at different times when lighting is in use.

Figure 15: Map of the annual kilograms of NOX emissions avoided by a household from implementing the lighting energy
efficiency improvement.

The difference in results between the AEF and MEF approaches were also compared for
NOx emissions (Figure 16). For the majority of the United States, the AEF approach
underestimated the amount of NOx emissions avoided by implimenting the lighting energy
efficency improvement. This means that coal makes up a large percentage of the power plant
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composition for most locations; however, natural gas is being used on the margin to meet
lighting demand. As with CO2 emissions avoided, NOx emissions avoided in Colorado were
overestimated.

Figure 16: Map of the difference in results from the MEF approach subtracted from the results of the AEF approach.
Results are given in annual kilograms of NOX emissions avoided. Positive values indicate areas where the AEF method
overestimated the amount of emissions avoided and negative values indicate areas where the AEF method underestimated
the amount of emissions avoided.

Figure 17 displays the SO2 emissions avoided by switching a household to 100% LED
lighting. Coal plants produce SO2 emissions; however, newer and retrofitted coal plants have
reduced SO2 emissions substantially by implementing scrubbers and flue-gas desulfurization
[40].The contrast between newer/retrofitted plants and older plants can easily be seen when
comparing SO2 emissions from Ohio, Indiana, and West Virginia to the rest of the Midwest. Coal
is the marginal power plant throughout the Midwest, but Ohio, Indiana, and West Virginia use
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older coal power plants that produce 2 kilograms more SO2 per year per household than the rest
of the Midwest.

Figure 17: Map of the annual kilograms of SO2 emissions avoided by a household from implementing the lighting energy
efficiency improvement.

When comparing the SO2 avoided emissions results from the AEF and MEF methods, the
AEF approach produced similar results as the MEF approach for most locations in the U.S.
(Figure 18). However, as seen with the CO2 emissions, SO2 emissions avoided were
overestimated in Michigan and underestimated in New York.
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Figure 18: Map of the difference in results from the MEF approach subtracted from the results of the AEF approach.
Results are given in annual kilograms of SO2 emissions avoided. Positive values indicate areas where the AEF method
overestimated the amount of emissions avoided and negative values indicate areas where the AEF method underestimated
the amount of emissions avoided.

Air Conditioning
The analysis conducted on lighting was also conducted on air conditioning, and the
results are displayed below. The white section displayed in Figure 19 indicates locations where
households should not upgrade to a more efficient air conditioner because they do not consume
enough energy from their air conditioner for it to be economical. As can be seen from the figure,
this applies to most of the United States. There are only a few states where it is economical to
upgrade to a more efficient air conditioner: California, Nevada, Arizona, Texas, Florida, and a
small portion of Louisiana.
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Each SEER rating in Figure 19 is indicated by a different color. For example, the dark red
sections indicate locations where it would be economical to install a SEER 24.5, which is 46.9%
more efficient than a SEER 13. The cost-benefit analysis did not indicate that any location
should update to a SEER 14, as it was economical and more efficient to install a SEER 14.5.

Figure 19: Map of the SEER rating values of the air conditioners chosen for each household from the cost-benefit
analysis. Note: The legend contains the percent efficiency of the SEER rating compared to a SEER 13.

Figure 20 below shows the annual kilowatt hours saved per household at each location by
upgrading to the air conditioner with the most appropriate efficiency. The households that will
save the most energy are located in Southern California and Arizona and would save about 2000
kWh per year.
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Figure 20: Map of the annual kilowatt-hours of energy savings by a household from implementing the air conditioning
energy efficiency improvement.

For locations where it is economical for households to upgrade their air conditioner,
Figure 21 shows the amount of money residents would save on their electricity bills per year.
Residents in Southern California, for example, would save $150-$250 dollars per year from the
upgrade. These are similar electricity savings quantities as lighting; however, it only affects a
small portion of the U.S.
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Figure 21: Map of the annual residential electricity cost savings by a household from implementing the air conditioning
energy efficiency improvement.

The figure below displays the annual amount of money the utility that owns the marginal
power plant would save per household due to the decrease in electricity demand to power the
more efficient air conditioner (Figure 22). Utilities in Southern Texas, for example, will purchase
$20- $50 less electricity per year per household.
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Figure 22: Map of the annual utility electricity cost savings for each household that implements the air conditioning
energy efficiency improvement.

As with lighting, the CO2, NOx, and SO2 emissions avoided by installing more energy
efficient air conditioners was calculated. A SEER 13 air conditioner in Florida would produce
about 1,400 kg of CO2 per year. However, households in Florida that upgrade to the most
appropriate SEER rated air conditioner for their consumption will avoid around 400 kilograms of
CO2 per year (Figure 23).
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Figure 23: Map of the annual kilograms of CO2 emissions avoided by a household from implementing the air conditioning
energy efficiency improvement.

As with the lighting improvement, the emissions for the air conditioning improvement
were calculated using MEFs and AEFs. The avoided emissions results from the MEF approach
were subtracted from the avoided emissions results from the AEF approach. Figure 24 shows
that the AEF approach overestimated the CO2 emissions avoided from households in Florida by
more than 100 kg/yr. In contrast, the AEF approach underestimated the emissions avoided in
Southern California. California’s electricity, based on capacity, is composed of 55% natural gas,
16% nuclear, 14% hydropower, 6% geothermal, and 7% other [38]. Since such a large
percentage of California’s power plant composition creates no emissions, the AEF is low.
However, natural gas, which produces emissions, is usually on the margin.
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Figure 24: Map of the difference in results from the MEF approach subtracted from the results of the AEF approach.
Results are given in annual kilograms of CO2 emissions avoided. Positive values indicate areas where the AEF method
overestimated the amount of emissions avoided and negative values indicate areas where the AEF method underestimated
the amount of emissions avoided.

Figure 25 below displays the annual NOx emissions avoided per household from
implementing the air conditioner efficiency improvement. The highest amount of NOx emissions
will be avoided in Florida, where each household would save up to 1.2 kg/yr from being emitted.
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Figure 25: Map of the annual kilograms of NOX emissions avoided by a household from implementing the air
conditioning energy efficiency improvement.

When comparing the AEF and MEF approaches for NOx emissions avoided by installing
more efficient air conditioners, the AEF approach underestimated the emissions avoided by
households in Florida by .5 kg/yr (Figure 26). In contrast, the AEF approach estimated that
households in Arizona avoided .4 kg of NOx more per year than what the MEF approach
calculated.
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Figure 26: Map of the difference in results from the MEF approach subtracted from the results of the AEF approach.
Results are given in annual kilograms of NOX emissions avoided. Positive values indicate areas where the AEF method
overestimated the amount of emissions avoided and negative values indicate areas where the AEF method underestimated
the amount of emissions avoided.

Figure 27 portrays the annual SO2 emissions avoided from installing more efficient air
conditioners. The efficiency improvement would have the most significant effect on SO2
emissions from households in Florida, where SO2 emissions would be reduced by 1-2 kg/yr.
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Figure 27: Map of the annual kilograms of SO2 emissions avoided by a household from implementing the lighting energy
efficiency improvement.

Again, as with NOx emissions, the AEF approach underestimated the amount of SO2
emissions avoided in Florida (Figure 28). It is interesting that the AEF approach overestimated
CO2 emissions for Florida but underestimated its NOx and SO2 emissions. Usually, if all three of
these emissions are underestimated, it points to coal being on the margin. Through some
research, it was found that during peak times during summer when air conditioners are on,
Florida uses old petroleum plants on the margin [41]. This explains the results, as petroleum does
not produce that much CO2, but still emits high levels of NOx and SO2. Florida’s power
generation capacity is composed of 54% natural gas, 25% coal, 13% nuclear, 4% petroleum, and
4% other [38].
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Figure 28: Map of the difference in results from the MEF approach subtracted from the results of the AEF approach.
Results are given in annual kilograms of SO2 emissions avoided. Positive values indicate areas where the AEF method
overestimated the amount of emissions avoided and negative values indicate areas where the AEF method underestimated
the amount of emissions avoided.

Limitations of Results
There are limitations to the analysis methods used to obtain the results above. The
marginal emissions factors are based on power plant data from 2009-2011, and if power plants
went out of commission or new ones were installed since 2011, the marginal emissions factors
may differ than the ones used in this analysis. Another limitation is the variability in fossil fuel
prices. If the price of a fossil fuel becomes cheaper or more expensive, the power plant on the
margin can change and subsequently the marginal emissions factor as well.
The addition of more renewables, like solar and wind, to a location’s electricity
composition could also change which power generator is on the margin. For example, imagine a
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location that usually dispatches sequentially, coal, natural gas, and then petroleum on the margin.
If PV solar plants are installed to help meet baseload demand, the addition of solar could
potentially put a natural gas plant on the margin instead of a petroleum plant. This would affect
the current marginal emissions factors values.
Advancements in technology and changes in the market can also affect the results. For
example, if LEDs become cheaper, there will be even shorter payback periods for installing
LEDs. For air conditioners, new advances in technologies or processes may decrease the price of
the more efficient air conditioners. If this happens, it may be economical for more of the country
to upgrade than it is currently.
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Policy Implications
Stakeholders
There are many stakeholders affected by improving lighting and air conditioning
efficiency in households. These stakeholders include society as a whole, wildlife, the
environment, utilities, residential electricity consumers, and lighting and air conditioner
manufacturers and installers. The monetary benefits to residents and utilities can easily be seen
in the results (Figures 11, 12, 21, 22). However, the effect the avoided emissions from these
energy savings have on society and the environment are more complicated to quantify. For
example, NOx and SO2 emissions can affect people’s health and quality of life.
The reason SO2 and NOx emissions effect people’s health is that these emissions form
particulate matter when released into the atmosphere. This particulate matter farther aggravates
heart and lung disease and even increases the number of premature deaths for people with these
diseases. It also decreases lung function, especially for children and people with asthma.
Furthermore, NOx emissions can form ground level ozone when it reacts with VOCs and
sunlight. Ozone can create chronic inflammation of the lungs, and with repeated exposure, can
age the lungs prematurely. Along with the serious health risks, these emissions have an economic
impact. People affected may take off from school or work, and it increases the number of
hospital visits [42].
Besides effecting people and society, SO2 and NOx emissions also affect wildlife and the
environment. These emissions create acid rain, which acidifies water sources and harms fish and
other species living in the water. When acid rain falls on forests, it can directly damage plant
tissue [42].
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Unlike NOx and SO2 emissions, CO2 does not affect the health of humans; however it is a
greenhouse gas emitted from the combustion of fossil fuels that is contributing to climate
change. Climate change is a great threat to the environment that society is accustomed to. It leads
to more frequent and severe weather, like droughts and tropical storms. It has also caused sea ice
to melt and sea levels to rise. All these effects on climate change are having an impact on
society, especially for people located where this severe weather takes place [43].
Unfortunately, the costs accrued by society and the environment from the emissions
associated with power generation are considered externalities in the market, and are not
represented in residential or utility prices. Therefore, it is the government’s obligation to
intervene and correct this flaw in the market by creating policies and setting standards that
account for these externalities.

Lighting
When considering emissions for policymaking, a monetary value can be assigned to
emissions to account for the social costs that would be avoided from avoiding these emissions.
The EPA provides the social cost of CO2, NOX, and SO2 emissions in dollars per ton [44] [45].
The monetary value given to the social cost of CO2 is the estimate of the cost of damages
resulting from climate change. These damages include changes to food production, human
health, and property damages. They also include the reduced costs of heating and the increased
costs of air conditioning as many areas experience warmer weather. Considering these damages,
the estimated social cost of carbon dioxide for 2015 is $36 per ton of CO2 at a 3% average
discount rate. However, it is also noted that the social cost of damages is likely higher than this
value, as it does not include all the climate change impacts that lead to cost damages [44].
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The social cost estimates for NOX and SO2 emissions are based on their estimated health
impacts, and do not include the environmental impacts of these emissions. The costs of these
emissions are divided into different sectors, and for this analysis the social costs assigned to
electricity generating units was used. The estimated social costs for NOX and SO2 emissions for
2016 at a 3% discount rate are $5,200/ton and $35,000/ton respectively [45]. I then converted
these values to dollars per kilogram before calculating the avoided social costs of my lighting
energy efficiency intervention (Table 8).
Table 8: Social costs of emitting CO2, NOX, and SO2.

$/ton
$/kg

CO2
$36
$0.04

NOX
$5,200
$5.73

SO2
$35,000
$38.58

I then calculated the social cost of the high, average, and low emission ranges from the
avoided emissions results from the lighting intervention (Table 9). For example, households in
the Midwest have high CO2 emissions, and if the lighting efficiency improvement reduced
household emissions by 1,400 kg/yr, the annual social cost savings for CO2 would be $56.
Table 9: Annual social cost savings per household based on the annual emissions avoided from implementing the lighting
energy efficiency improvement.

Emission
Type
CO2

NOX

SO2

Emissions
Range
High
Low
Average
High
Low
Average
High
Low
Average

Emissions
(kg/yr/hse)
1400
600
1000
1.8
0.13
1.1
5.0
0.02
2.02
60

SC Savings
($/yr/hse)
$56
$24
$40
$10
$0.74
$6
$193
$0.77
$78

I then decided to calculate the total social cost savings if all 134 million households in the
U.S. upgraded all their lightbulbs to LEDs [46]. The number of houses in the U.S., the average
emissions avoided by a household, and the social cost avoided per household were multiplied
together to calculate the total annual social cost savings for the entire United States (Table 10).
Table 10: Total annual social cost savings for the U.S. if all the households in the U.S. implemented the lighting efficiency
improvement.

Emission
Type
CO2
NOX
SO2
Total

Average Emissions
(kg/yr/hse)
1000
1.1
2.02
N/A

Total Social Cost
Savings ($/yr)
$5.36 billon
$844 million
$10.4 billion
$16.6 billion

The total social costs avoided from all three emission types equals $16.6 billion dollars
per year. Hypothetically, assuming each house has 47 lightbulbs and each LED bulb costs $6, if
the government bought every household in the U.S. LED bulbs to replace their existing ones
with, it would cost $37.8 billion [37]. If these bulbs last 10 years, even with subtracting the cost
of the upgrade, the social cost savings would be around $128 billion.
The social cost of emissions shows that it is not only economical for private citizens to
upgrade to LEDs, but it is also beneficial and economical to society as a whole. As LEDs
become more popular and standard, their cost will only decrease, making them make even more
economic sense. As it is in everyone’s best interest to upgrade to LED lightbulbs, the next step is
to promote and make aware of their availability and show consumers that they can get the same
amount of lumens and the same warm color in an LED lightbulb as they can with an
incandescent.
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To familiarize residents with LED bulbs, utility companies are offering free LEDs to their
customers. For example, Seattle City Light will mail a free LED lightbulb to any of its residential
customers that fill out a simple form online. This is projected to save 3,896,000 kWh annually
for the utility. Seattle City Light explains that this is a cost-effective option as they will not have
to buy as much power or build more power plants [47].
Along with utilities promoting lighting efficiency, the federal government has created
policies that require increases in lightbulb efficiency. There is a common misconception that the
U.S. government has banned the production of incandescent bulbs. However, this is not the case.
The light bulb policy was signed into law under the Energy Independence and Security Act of
2007 (EISA). In summary, this law simply requires screw-based light bulbs to use fewer watts to
achieve about the same amount of lumens. It does not specifically call out a certain type of bulb,
although it is more difficult for incandescent bulbs to achieve the efficiency requirements. The
bill was signed in 2007, and the first phase took effect in 2012. The policy standards are
displayed in the table below and require bulbs to be about 28% more efficient than standard
incandescent bulbs [48].
Table 11: Lightbulb wattage efficiency standards and implementation date.

The next phase of this policy is supposed to go into effect in 2020 and will require
lightbulbs to be 60-70% more efficient than standard incandescent bulbs. CFL and LED
lightbulbs already meet this standard. These standards affect many different stakeholders,
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including consumers, utilities, society, wildlife and environment, and lightbulb manufacturers.
The EPA mentions that this policy reduces America’s carbon footprint and harmful emissions
from coal plants, which helps protect the health of people, wildlife, and the environment. These
standards will also benefit consumers, as they would see cost savings on their electricity bills. It
has a significant impact on lightbulb manufacturers, and the EPA states that the leading lighting
manufactures are in support of these standards, as they increase competitiveness and innovation
in the market [48].
As previously mentioned, CFL lightbulbs will still be able to meet the 2020 efficiency
standards. Although more efficient than incandescents, they are still not as efficient as LEDs and
require proper disposal as they contain mercury. A possible solution is for another phase to be
implemented that increases the lightbulb efficiency standards to a point that CFLs cannot achieve
them. Policymakers in support of a third phase can use the results in my analysis as evidence of
the benefits of creating another phase of this policy that supports LEDs. For example, even for
regions where residential savings are low, the residents are still saving $50 per year on their
electricity bill. Additionally, even for regions with the cleanest power generators on the margin,
they are still avoiding 600 kg of CO2 per year, equivalent to $24 in social costs. The results
indicate that it makes economic and environmental sense to increase lightbulb efficiency
standards beyond the 2020 standards.

Air Conditioning
As with the lighting, I applied the social costs to the air conditioning emissions results in
order to more easily quantify the social benefits of reducing emissions from improving the
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energy efficiency of air conditioners. The social cost savings from the different emissions ranges
for CO2, NOX, and SO2 are displayed in Table 12 below.
Table 12: Annual social cost savings per household based on the annual emissions avoided from implementing the air
conditioning energy efficiency improvement.

Emission
Type
CO2

NOX

SO2

Emissions
Range

Emissions
(kg/yr/hse)

SC Savings
($/yr/hse)

High
Low
Average
High
Low
Average
High
Low
Average

900
300
460
1.2
0.2
0.52
2.0
0.3
0.62

$36
$12
$18
$7
$1
$3
$77
$12
$24

From the U.S. Census county household data, I estimated that there are 19 million
households in the regions of the U.S. where it is economical to upgrade air conditioners [46].
Again, the average range of emissions avoided per year, the social costs avoided, and the number
of households were multiplied together to calculate the total social cost savings per year. As
shown in Table 13, the total social cost avoided from all three emissions is $861 million per year.
Table 13: Total annual social cost savings for the U.S. if all the households in the U.S. implemented the air conditioning
efficiency improvement.

Emission
Type

Average Emissions
(kg/yr/hse)

Total Social Cost
Savings ($/yr)

CO2
NOX
SO2
Total

460
0.52
0.62
N/A

$350 million
$56.6 million
$454 million
$861 million
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Unlike lighting where it is beneficial for everyone to upgrade to the most efficient
lightbulb on the market, it is not economical for every household to upgrade to the most efficient
air conditioner. However, if the utilities and government want to reduce peak load and emissions
associated with residential air conditioners, incentives, subsidies, and standards need to be
implemented. One such standard that the U.S. government implemented in 2015 is the federal
regional standards for air conditioners [49]. Under these standards, the U.S. is split into three
regions (North, South, and Southwest) based on population-weighted heating degree days
(Figure 29).

Figure 29: A map of the boundaries, based on heating degree days, of the regions associated with the federal regional
standards for air conditioners.

According to these standards, households in the North region that install a new split
system air conditioner are required to have at minimum a SEER 13 rating, while split system
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installations in the South and Southwest require at least a SEER 14 rating. The standards are
more aggressive for newly constructed households, where households in the North are required
to install air conditioners that are at minimum a SEER 14 and the South and Southwest are
required to install at minimum a SEER 15 rated air conditioner. Prior to these standards, there
was a national requirement for newly installed air conditioners to be at least a SEER 13 [49].
These standards are vital to reducing peak load caused from air conditioner usage and in
reducing emissions. Without these standards, for most of the U.S., there would be no incentive
for households to upgrade their air conditioner. This can clearly be seen from the SEER map
under the results section (Figure 19). However, for a few places in the U.S., it is economical to
surpass these federal standards; these include regions in California, Texas, Arizona, and Florida.
In order to incentivize residents in these regions, residents need to either be informed of the
potential savings available from upgrading to a more efficient air conditioner, or these regions
need to create their own local air conditioner efficiency standards. Standards can even be
implemented at county or city level, so they only apply to the regions where it’s economical for
residents. The results from my analysis can be used by these regions to understand which SEER
rated air conditioner to upgrade to, and the emissions avoided from the upgrade.
So far, when it comes to more localized areas, it is again the utilities that are taking
initiative. For example, as mentioned in the results section, Florida uses petroleum to meet its
peak air conditioning demands. These plants are from the 1960s and do not even meet current
NOx emissions standards. In 2013, Florida Power and Light requested a residential price increase
to replace these peak plants with cleaner natural gas plants [41]. This is an example of a supply
side approach to reducing emissions, as energy consumption is not reduced, but demand is met
with a method that produces fewer emissions. Florida Power and Light is also taking a demand
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side approach to energy and emissions reductions with a program they started in 2015. This
program will reimburse residents $150 if they install a SEER 16 or 17 air conditioner [50]. The
MEF approach to calculating avoided emissions can be used to analyze both the demand and
supply side emissions reductions from implementing these programs. The MEF approach could
be used locally to see how these programs effect emissions.

Emissions Factor Choice Implications
As explained in the results section, the avoided emissions results from the MEF and AEF
calculation methods can vary drastically depending on the composition of power generators in
that region and the power plant on the margin. Therefore, the method chosen for a policy
analysis can have serious implications on whether or not a policy gets approved. If a policy is
approved based on results from an AEF analysis, the analysis may drastically misrepresent the
actual emissions reductions results.
An example of this misrepresentation was seen in the differences in the MEF and AEF
results for the avoided CO2 emissions from the lighting efficiency improvement (Figure 14). For
example, since New York State’s power plant composition is largely hydropower and nuclear,
the average emissions factor is low. However, if natural gas is being used on the margin to meet
lighting demand, the MEF is going to be higher than the AEF. If the AEF analysis method is
used to calculate the amount of CO2 emissions avoided in NYS from an energy efficiency
improvement policy, the effectiveness of this policy is going to be underestimated. This can
make it more difficult to persuade stakeholders to support or fund the policy.
On the other hand, for states like Michigan where AEFs greatly overestimated the
emissions avoided from lighting improvements, policies that effect efficiency standards are
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going to appear more effective at reducing emissions that they actually are. In this case,
stakeholders that are supporting an energy efficiency policy are not going to see the emissions
reductions results they anticipated. Due to misrepresented analysis results, money and resources
may be put into a program that is not successful at reducing emissions.
Using the marginal emissions factor approach to calculate the total emissions reductions
of implementing more efficient household appliances will allow policymakers to better predict
and understand which policies would be most effective for reducing emissions. These avoided
emissions will have health benefits for people and the environment. This analysis provides a
bottom-up approach where the effects of policies that shift or alter energy consumption at the
individual consumer level can be analyzed to produce the best policy. The methodology used in
this thesis can be applied to many different household appliances to find which appliances have
the greatest impact on emissions and if the impact is location dependent. From this data,
policymakers can then recommend appropriate efficiency standards for appliances to meet their
emission goals. Policymakers will have quantitative results showing if the residential efficiency
and emission programs they want to pursue will actually produce the outcome desired. This will
help policymakers focus and direct their efforts to the appliances that have the greatest impact on
reducing emissions.
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